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They are electrically pumped and have a small footprint, making them an ideal platform for on-chip integration 5 . Until now, optical feedback is fatal for frequency comb generation in QCLs and destroys intermodal coherence 6 . This property imposes strict limits on the possible degree of integration. Here, we demonstrate coherent injection locking of the repetition frequency to a stabilized RF oscillator. For the first time, we prove that the spectrum of the injection locked QCL can be phase-locked, resulting in the generation of a frequency comb. We show that injection locking is not only a versatile tool for all-electrical frequency stabilization, but also mitigates the fatal effect of optical feedback on the frequency comb. A prototype self-detected dualcomb setup consisting only of an injection locked dualcomb chip, a lens and a mirror demonstrates the enormous potential for on-chip dual-comb spectroscopy. These results pave the way to miniaturized and all-solid-state midinfrared spectrometers.
Optical frequency combs are lasers whose spectrum consists of a multitude of equidistant lines 7 . They have emerged as high-precision tool for time metrology, frequency synthesis and spectroscopy 8, 9, 10 . The mid-infrared (MIR) region is of particular interest for spectroscopic applications because most molecules exhibit fundamental roto-vibrational absorption lines in this portion of the electro-magnetic spectrum 11, 12 . In the last decade, the quantum cascade laser 1 (QCL) has become the dominant source of coherent MIR light. Thanks to the large thirdorder optical non-linearity of their active regions, the longitudinal cavity modes of Fabry-Pérot QCLs can be locked to each other by four-wave-mixing (FWM) resulting in the generation of phase-coherent frequency combs 2, 13 . The equidistant teeth of the comb beat together causing a modulation of the laser intensity at the cavity roundtrip frequency. This beatnote can be measured using a photodetector that is fast enough to follow the beating. In the comb regime, all cavity modes are equidistant, which results in a narrow and stable beatnote with linewidth on the Hertz-level. Depending on the laser bias, a second regime called high phase-noise regime is observed, where increased amplitude and phase-noise of the comb lines result in a considerably broader beatnote. This regime is caused by the finite laser dispersion 14 and limits the applicability of the combs for dual-comb spectroscopy 4 . Due to the fast carrier dynamics in QCL active regions, the beating of the comb lines induces a temporal modulation of the population inversion. This population pulsation results in a macroscopic current modulation, enabling the direct observation of the so called electrical beatnote.
As a general property of any oscillator, its frequency and phase can be locked to another oscillator provided that there is enough coupling 15 . Consequently, an external RF modulation close to the roundtrip frequency injected into the QCL should be able to influence or even lock the electrical beatnote. This concept is called electrical injection locking and was demonstrated by embedding a FabryPérot QCL into a microstrip RF waveguide 16 . narrow beatnote of an injection locked QCL was produced by only a few modes, whereas the rest of the spectrum remained unlocked 2 . In this letter, we provide conclusive proof that all teeth of the comb can be locked coherently to an external RF source by applying the RF signal only to the end of the laser cavity. This is the section of the cavity, where the electrical beating is most susceptible to the injected signal due to its inherent spatio-temporal pattern that was unveiled by recent work 17 . A schematic is shown in Fig 1 . Proving frequency comb operation of a QCL is a challenging task because the fast gain recovery time prevents the formation of short and intense pulses. Consequently, traditional methods based on non-linear autocorrelation techniques 18, 19 cannot be employed. Instead, we use a linear phase-sensitive autocorrelation method called 'Shifted Wave Interference Fourier Transform Spectroscopy' 20, 21 (SWIFTS, Fig. 2a ). SWIFTS enables the direct measurement of the coherence and phases of the emitted comb spectrum. The light emitted by the QCL is shined through a Fourier transform infrared (FTIR) spectrometer and detected by a fast photodetector. For this purpose, we designed and fabricated an RF optimized quantum well infrared photodetector (QWIP) 22 matched to the laser emission wavelength. By measuring the two quadratures X and Y of the optical beatnote as function of the mirror delay τ we obtain the complex interferogram of the portion of light that is locked to the RF oscillator. Contributions of mode pairs that are beating at another frequency are filtered by the lock-in. Subsequently, we retrieve the SWIFTS spectrum by applying a fast Fourier transform to the complex interferogram. In order to discuss this in more detail, we consider the electric field of the comb that is composed of discrete modes with amplitudes A n and frequencies ω n = ω 0 + nω r , where n is an integer and ω 0 and ω r are the carrier envelope offset frequency and repetition frequency of the comb. The complex SWIFTS spectrum is then given by
The complex SWIFTS spectrum in eq. 1 contains the phase difference of adjacent comb lines. Since only the part of the light locked to the phase reference is measured by the lock-in, the SWIFTS amplitudes are a direct and spectrally resolved measure of the intermodal coherence. If two modes are fully coherent (i.e., phase-locked), the SWIFTS amplitude is commensurate with the geometric average of the amplitudes |A n A n−1 | of the intensity spectrum. If, however, the relative phase-noise of a mode pair is non-zero, the SWIFTS amplitude decreases due to the narrow filter bandwidth of the lock-in.
Before investigating coherently injection locked frequency combs, it is insightful to analyze the behavior the freerunning comb, i.e. without RF injection or any other stabilization method. For this purpose, the electrical beatnote is used as phase reference. A particularly interesting feature is already conspicuous in the recorded interferograms (see zoom in Fig. 2b ). Both SWIFTS quadratures have a minimum at zero-path difference of the FTIR mirrors, whereas the intensity interferogram has its maximum there. This phenomenon is related to the naturally favored comb state in QCLs, where the phases are arranged in a way that minimizes the amplitude of the optical beatnote and thus the amplitude modulation of the laser intensity. This is due to the short sub-ps upper state lifetime in QCL active regions 2, 23 . The corresponding SWIFTS spectrum (Fig. 2c) has the same shape as the intensity spectrum without showing any spectral holes. This proves that indeed all teeth of the comb are phase-locked. The SWIFTS phases, i.e. the phase difference of adjacent comb lines, cover a range of 2π from the lowest to the highest frequency mode. This is consistent with the observation of a dominantly frequency modulated output of the QCL with a linearly chirped instantaneous frequency 24 . The first challenge to prove coherent injection locking is to show the capability to lock the QCL beatnote to the external oscillator. To do so, we drive the QCL at a bias where it operates in the high-phase noise regime (supplementary Fig. 2 ) and shine it directly on the fast QWIP. We then record the RF spectrum of the QWIP current with a spectrum analyzer while keeping the injection frequency fixed and ≈100 kHz below the beatnote (Fig. 3a) . As the injected RF power is increased, two sidebands appear above and below the frequency of the optical beatnote due to the mixing of the beatnote and the injected signal. The broad beatnote is pulled towards the frequency of the injected signal as the RF power is further increased to 5 dBm and finally locks at 8 dBm. Two sidepeaks that are roughly 20 dB weaker than the initial beatnote remain. At 12 dBm, also these sidepeaks vanish and the microwave spectrum of the optical beating is fully controlled by the injected signal. The noise floor around the locked narrow beatnote is roughly 30 dB weaker than the peak power of the originally broad beatnote. This proves that the vast majority of the optical beatnote power is locked. In order to highlight spectral regions which are locked to the external oscillator, we measure the SWIFTS and intensity spectrum as function of the injected power ( Fig. 3b and 3c) . The SWIFTS amplitude starts to grow considerably at 5 dBm -equal to the power level at which the broad beatnote in Fig. 3a is pulled towards the injection frequency. In the region between 8 and 12 dBm, especially the SWIFTS amplitude of the comb lines around 1230cm −1 and 1265cm
increases suggesting that these modes are responsible for the weak sidepeaks of the optical beatnote in Fig. 3a .
A detailed snapshot of the SWIFTS characterization at 12 dBm RF power (Fig. 3d) shows that the SWIFTS amplitudes are commensurate with the values expected from the intensity spectrum. This proves that the entire spectrum of the QCL is phase locked to the RF oscillator. The SWIFTS phases feature the same phase pattern as observed in free-running comb operation, covering a range of 2π (Fig. 2c) . It is remarkable that the frequencies of the intermode beatings are locked to the external modulation while their phases remain in the natural state of a freerunning QCL frequency comb instead of synchronizing to the injected signal. In order to investigate the influence of the injection frequency on the coherence of the QCL, we sweep it across the broad beatnote. The SWIFTS spectra (Fig. 3e) show that the QCL is coherently locked to the injected signal in a narrow range of approximately 100 kHz around the frequency of the beatnote. Outside of this locking range, only a few strong modes contribute to the SWIFTS spectrum. The narrow locking range could explain why previous studies concluded that injection lock- ing leads to a loss of intermodal coherence. The electrical injection has an influence on the intensity spectrum only in the locking range (Fig. 3f) .
In real-life applications, QCL frequency combs have to withstand harsh conditions while maintaining coherence. Among these conditions is optical feedback. We illustrate the fatal effect of optical feedback on a free-running QCL frequency comb by replacing the attenuating polarizer (POL in Fig. 2a ) by a polished silicon wafer perpendicular to the QCL beam. In this configuration, the QCL is subject to both intense static feedback from the Si wafer as well as temporally varying feedback from the QWIP facet due to the scanning FTIR mirrors. While the electrical beatnote is narrow and stable if the beam is attenuated by the polarizer (Fig. 4a) , it becomes significantly broader and weaker upon exposure to strong optical feedback indicating the loss of coherence. This fatal effect of optical feedback is omnipresent in dual-comb spectrometers based on QCL combs. Expensive and bulky optical isolators have to be employed to ensure stable comb operation, impairing the capabilities of miniaturization. In contrast, both the coherence and the phase characteristics of an injection locked comb are preserved even in presence of strong optical feedback (Fig. 4c) . A prototype self-detected dualcomb setup highlights the enormous potential of coherent electrical injection locking for miniaturization. The light of two QCLs located on the same chip is shined directly into each other without any optically isolating elements in between (Fig. 4c) . When both lasers are locked, the self-detected dual-comb beat spectrum consists of numerous equidistant lines with a spacing of ∆f rep = 7.4 MHz. If the injection frequency of one laser is detuned by 200 kHz -thus leaving the locking range (Fig. 3e) -the multiheterodyne signal becomes broad and no dual-comb lines are visible anymore. These results open up new avenues towards all-solid-state MIR spectrometers 25 , where stabilization of the combs and the ability to cope with intense feedback are vital.
Our investigations demonstrate that electrical injection locking of MIR QCLs is a versatile technique that enables the generation of coherent frequency combs if the inherent spatio-temporal pattern of the electrical beatnote is taken into account. The fact that the repetition frequency is fixed by the injected signal can be utilized to stabilize the carrier envelope offset frequency against a narrow molecular absorption line via the driving current. The possibility of all-electric stabilization using low-budget electronics, as those found in every mobile phone, will lead to a new class of miniaturized dual-comb spectrometers.
Methods
Device: The investigated QCL is uncoated and operating at 8 µm. The lase has a relatively low group delay dispersion as shown in supplementary Fig. 4 . The laser is mounted epi-side-up on a copper submount. The temperature of the submount is kept at 15 • for all measurements presented using a Peltier element and PTC5000 temperature controller. A HP 8341B synthesized sweeper is used for injection locking. The RF signal is injected close to the front end of the QCL cavity through 40 GHz two-terminal RF probes. It has to be noted that due to the large parasitic capacitance, the RF signal is strongly damped 30-40dB. In case of an RF optimized device, split contacts would be required to prevent the simultaneous excitation of both ends with the same phase.
SWIFTS:
The QWIP used to detect the optical beatnote is fabricated in square mesa geometry with 100 µm side length. The mesa is connected to a coplanar transmission line with a short wirebond resulting in a cutoff frequency slightly below 10 GHz. The optical beatnote detected by the QWIP is amplified and mixed down to below 50 MHz. A Zurich Instruments HF2LI lock-in amplifier and the Helium-Neon trigger of the FTIR were used to record the SWIFTS interferograms. The complex sum of both quadrature interferograms can be written as (X + iY )(τ ) = 
Eq. 2 differs slightly from previously published work 21,24 because our FTIR (Bruker Vertex 70v) moves both interferometer arms by ±τ /2 instead of just one arm by τ .
Self-detected dual-comb spectrum: The two QCLs on the dualcomb chip are roughly 1 mm apart from each other. The light emitted from the front facets of the dual-comb chip is collimated using an anti-reflection coated ZnSe lens with 1.5 inch focal length. By aligning a mirror in front of the lens, the light of one laser is reflected into the other. The dual-comb beat around 8.7 GHz is extracted directly from the laser using a RF probe and recorded with a spectrum analyzer (acquisition time ≈ 0.2 s.)
